Mutations in the Presenilin genes are the major genetic cause of Alzheimer's disease.
Introduction
Presenilin (PS) is the catalytic subunit of the -secretase complex, which also contains Nicastrin (Nct) and cleaves type I transmembrane proteins, such as the Notch receptors (DE STROOPER et al. 1999; SONG et al. 1999; STRUHL and GREENWALD 1999; LI et al. 2000; YU et al. 2000; BAI et al. 2015) . The Presenilin-1 (PSEN1) and Presenilin-2 genes were identified as the major genes linked to familial Alzheimer's disease (FAD) (LEVY-LAHAD et al. 1995; ROGAEV et al. 1995; SCHELLENBERG 1995) . Genetic studies in mice have demonstrated that in the developing brain, PS regulates neurogenesis and cell-fate decisions through the Notch signaling pathway (SHEN et al. 1997; HANDLER et al. 2000; KIM and SHEN 2008) , and that deficiency of PS or Nct results in early embryonic lethality (DONOVIEL et al. 1999; NGUYEN et al. 2006) .
Conditional gene targeting further demonstrated that PS and Nct are required for normal learning
and memory, synaptic plasticity and neuronal survival in the mouse cerebral cortex (YU et al. 2001; BEGLOPOULOS et al. 2004; FENG et al. 2004; SAURA et al. 2004; TABUCHI et al. 2009; ZHANG et al. 2009; WINES-SAMUELSON et al. 2010; LEE et al. 2014; WATANABE et al. 2014) . (Psn) and Nicastrin (Nct) share high sequence homology with their human and mouse counterparts (HONG and KOO 1997; YU et al. 2000) . Loss-of-function mutations in Drosophila Psn cause pupal lethality and Notch-like phenotypes, such as maternal neurogenic effects, loss of lateral inhibition within proneural cell clusters, and absence of wing margin formation (STRUHL and GREENWALD 1999; . Loss-of-function mutations in Nct also cause pupal lethality, and abolish Psn accumulation and Psn-dependent intramembrane cleavage of Notch (CHUNG and STRUHL 2001; HU et al. 2002) . Genetic modifier screens of Notch-like phenotypes in Psn loss-of-function mutants also confirmed the genetic interaction between Psn and Nct in the Drosophila eye and wing (MAHONEY et al. 2006) . However, the pupal lethality of Psn and Nct mutants precluded studies of their functions in mature neurons of the adult brain. As a result, the consequences of Psn or Nct inactivation in adult neurons of the fly remain unknown.
Drosophila Presenilin
In this study, we developed multiple shRNA lines targeting Psn or Nct. Using the Act5c-Gal4 driver, we found that ubiquitous Psn or Nct knockdown (KD) in all cells leads to an ~80-90% reduction of Psn or Nct mRNA and pupal lethality, similar to homozygous null mutant flies (LUKINOVA et al. 1999; STRUHL and GREENWALD 1999; HU et al. 2002) . Selective Psn or Nct KD in wing marginal discs caused notching phenotypes in the adult wing, further confirming that these Psn and Nct shRNA lines effectively suppress Psn and Nct function, respectively. Similar to Nct, neuron-specific Psn KD under the control of the elav-Gal4 driver led to developmental defects with dramatic early mortality, severe climbing defects, and rough eye phenotypes.
Expression of a fly Psn transgene rescued the early mortality and rough eye phenotypes of neuron-specific Psn KD. Strikingly, adult neuron-specific Psn or Nct conditional KD (cKD) flies using the elav-Gal4/tub-Gal80 ts system, which permits inducible expression of shRNAs in adult neurons, displayed shortened lifespan, climbing defects, increases in apoptosis, and agedependent neurodegeneration. Together, these findings demonstrate that similar to their mammalian orthologs, Drosophila Psn and Nct are required for adult neuronal survival during aging and normal lifespan, highlighting an evolutionally conserved role of Presenilin in neuronal protection in the aging brain.
Materials and Methods

Generation of Psn and Nct shRNA transgenic flies
We newly generated UAS-shRNA lines against Psn (shPsn1, 2, 3, 4) and Nct (shNct1, 2, 3) as described (NI et al. 2011) , which are different from those available at TRiP. Briefly, shRNA target regions were selected using a Perl program as described previously (VERT et al. 2006) , and we avoided the 5' and 3' UTRs and the regions that have more than 15 bp match to other Drosophila transcripts to reduce the risk of off-target effects. The annealed top and bottom oligos containing the 21 bp shRNA target sequences against Psn and Nct were subcloned into pWALIUM20 (TRiP) vector following the UAS sequence. The sequences of the oligos used to generate UAS-shPsn and UAS-shNct transgenic flies are included in Table S1 . As described previously (GROTH et al. 2004; VENKEN et al. 2006; MARKSTEIN et al. 2008) , each transgene was injected into embryos for targeted phiC31-mediated integration at genomic attP landing sites on the second (attP16 or attP40) or third (attP2 or VK0027) chromosomes.
Crosses and culture conditions
Flies were raised on standard cornmeal media, and maintained at either 22 or 25 o C and 40-60% relative humidity. Control flies in all experiments were as closely related to the experimental transgenic flies as possible. Typically, UAS-shPsn or UAS-shNct and Gal4 transgenic flies were crossed with w 1118 (Bloomington Drosophila Stock Center: BL5905) or P(CarryP)attP2 (BL36303) to generate the heterozygous alleles of the UAS-shRNA or Gal4 transgene. We used ubiquitous (Act5C-Gal4), wing-specific (c96-Gal4) or neuron-specific (elav- 
Quantitative RT-PCR (qRT-PCR)
Five 3 rd instar larvae were washed twice in RNase free PBS and collected in lysis buffer.
Fifteen 3 rd instar larval brains were dissected in RNase free PBS and homogenized in lysis buffer using a homogenizing blender (Next Advance). For adult fly RNA extraction, adult flies were collected and frozen immediately in liquid nitrogen. Five whole adult bodies were used for total RNA extraction. Twenty adult heads were removed from bodies by vortexing and then collected. Master Mix (ThermoFisher Scientific) with the following primers: for Psn, 5'-TCCCATCCTCGACAGAATCA-3' and 5'-TATGCCACGTTCTTCTTGCC-3'; for Nct, 5'-GACTTCATGCTGGACATCGG-3' and 5'-TTGCTGAGCCAAAGTCGTTC-3'; for rp49, 5'-AAGCGGCGACGCACTCTGTT-3' and 5'-GCCCAGCATACAGGCCCAAG-3'. The level of rp49 mRNA was evaluated as an internal control for the total mRNA quantity in each sample.
Data were analyzed with Microsoft Excel and Prism. More than four independent experiments were done for each analysis.
Adult viability and lifespan analysis
Fly viability was assessed by collecting and gently transferring twenty 3 rd instar larvae to fresh vials at 25 °C. The total number of eclosed adult flies from the pupal cases was scored.
Viability was calculated by dividing the total number of flies by the total number of pupae, and
shown as the percentage of pupae surviving to adulthood. At least 100 flies per genotype were scored in more than 5 independent experiments.
For lifespan analysis, more than 100 flies per genotype were collected in individual vials containing no more than 30 flies and assayed for longevity as previously described (WITTMANN et al. 2001) . Flies were transferred to fresh vials every other day. Lifespans were measured by scoring dead flies remaining in the old vial and plotted using the Kaplan-Meir method. The median lifespan (MedLS) was calculated as the age when half of the flies have died, and the survival distribution of two genotypic groups were compared using the log-rank (Mantel-Cox) test.
Climbing assay
Climbing assays were performed as previously described (RHODENIZER et al. 2008) .
Briefly, ~20 flies were gently tapped to the bottom of a plastic vial, and a picture was taken after 20 sec. This procedure was repeated 4 times with 1 min intervals between trials to allow the flies to recover from prior tapping. Climbing ability was evaluated by scoring the number of flies that failed to climb over 5 cm in each trial.
Analysis of adult wings and eyes
One wing per adult fly was separated from anesthetized flies, incubated in 100% ethanol for 3 min, dried, and mounted in 50% v/v Canada Balsam (Sigma-Aldrich) in methyl salicylate (Fisher Scientific). The images of eyes and dissected wings were obtained using an Olympus PD25 camera mounted on an Olympus BX40 microscope.
Western analysis
Adult flies were collected and frozen immediately in liquid nitrogen, and 30 adult heads were removed from bodies by vortexing and then collected. Heads were homogenized in an icecold stringent RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate), supplemented with protease and phosphatase inhibitor mixtures (Sigma-Aldrich), followed by sonication. Homogenates were centrifuged at 14,000×g for 20 min at 4˚C to separate supernatants (RIPA buffer-soluble fractions). Equal amounts of total proteins from each preparation were loaded and separated in NuPAGE gels (Invitrogen) and transferred to nitrocellulose membranes. After blocking, membranes were incubated at 4˚C overnight with primary antibodies. Primary antibodies used were rabbit anti-APP-Y188 (1:2000; abcam) and rabbit anti- actin (1:2000; abcam). Membranes were then incubated with dye-coupled secondary antibodies (goat anti-rabbit IRdye680 and goat anti-rabbit IRdye 800 from LI-COR).
Signal was quantified using the Odyssey Infrared Imaging System (LI-COR bioscience).
Histology and TUNEL analysis
Heads from adult flies were fixed in 10% formalin, paraffinized, embedded in paraffin, and sectioned from a frontal orientation. Serial sections (4 m) spanning the entire brain were collected and placed on glass slides and subjected to further analysis. 
Data availability
The authors state that all data necessary for confirming the conclusions presented in the article are presented fully in the article. Drosophila strains used in this study are available upon request.
Results
Generation and validation of transgenic shRNA lines using a ubiquitous Gal4 driver
We designed 3-4 distinct shRNAs against Psn or Nct using the Perl program ( Figure 1A ), and generated UAS-Psn or UAS-Nct shRNA transgenic flies, which permit spatial and temporal restriction of Psn or Nct inactivation using the Gal4/UAS system (BRAND and PERRIMON 1993; DIETZL et al. 2007; NI et al. 2011) . Ubiquitous expression of Psn shRNA using the Actin5C-Gal4 driver in Act5c>shPsn (Actin5C-Gal4/+; UAS-shPsn/+) flies caused early-to mid-pupal lethality, similar to the previous observation in Psn-null homozygous mutants (STRUHL and GREENWALD 1999; MAHONEY et al. 2006) . Levels of Psn transcripts in Act5C>shPsn 3 rd instar larvae were significantly reduced (~80-90% depending on the specific shRNA line) compared to control flies ( Figure 1B ). Similar to Act5c>shPsn transgenic flies, Act5C>shNct (Actin5C-Gal4/+; UAS-shNct/+) transgenic flies also showed early pupal lethality, similar to Nct-null homozygous mutants (CHUNG and STRUHL 2001; ZHANG et al. 2005) . Levels of Nct mRNA in Act5C>shNct 3 rd instar larvae were also significantly reduced (~90%) compared to control flies ( Figure 1C ). Furthermore, Psn and Nct KD using two additional ubiquitous drivers, tub-Gal4 and en-Gal4, also produced pupal lethality (data not shown).
Notching wing phenotypes in Psn and Nct KD flies using a wing disc-specific Gal4 driver
One of the most striking phenotypes of Psn and Nct loss-of-function mutant flies is the notching wing phenotype observed in the wing containing Psn and GREENWALD 1999; KLEIN et al. 2000; CHUNG and STRUHL 2001; LOPEZ-SCHIER and ST JOHNSTON 2002) . Consistent with these earlier findings, notching wing phenotypes were also observed in wing disc-specific Psn (c96>shPsn) and Nct (c96>shNct) KD flies ( Figure 2A ), using the wing imaginal disc driver c96-Gal4 (GUSTAFSON and BOULIANNE 1996) . We quantified the severity of the wing phenotypes to identify the most potent shRNA lines ( Figure   2B , C). The strongest shPsn line, shPsn2, produced the most severe notching phenotypes with loss of wing margins in approximately 30% of the c96>shPsn2 flies (Figure 2A , C). The weaker shPsn lines, shPsn4 and shPsn1, only showed mildly thickened veins in the wing margins (L3 for c96>shPsn4; L3 and L4 for c96>shPsn1), whereas c96>shPsn3 flies showed thickened L2
veins in addition to L3 and L4 ( Figure 2A ). Similar to c96>shPsn flies, c96>shNct flies also showed thickened veins in the L3 and L4 wing margins (c96>shNct1), and severe notching with blistered phenotypes and loss of wing margins (c96>shNct2 and c96>shNct3) ( Figure 2A , C).
These results indicate that these UAS-shPsn and UAS-shNct lines effectively knockdown Psn and
Nct expression and function. Since the UAS-shPsn2 and UAS-shNct2 lines are most effective, we selected them for further extensive analysis. We also included the UAS-shPsn3 and UAS-shNct3
lines in further studies to rule out possible off-target effects of shPsn2 and shNct2.
Early mortality, climbing defects and rough eyes in neuron-specific Psn KD flies
To examine the consequences of neuron-specific Psn and Nct KD, we used the elav-Gal4 driver to express shPsn and shNct in neurons beginning at embryonic stages (YAO and WHITE 1994) . We found that elav>shPsn2 flies show pupal lethality in males. At 25 o C, all elav>shPsn2 flies were females (83/219) and no males eclosed from 219 pupae ( Figure 3B ), likely due to the stronger Gal4 expression in males (KOUSHIKA et al. 1996) . Among elav>shPsn2 female escapers, ~65% (114/177) showed normal expanded wings and ~35% (63/177) showed wrinkled wings ( Figure 3C ). qRT-PCR analysis of 3 rd instar larvae revealed that relative to the control, levels of Psn mRNA are reduced by ~34% in whole larvae and ~75% in dissected larval brains of elav>shPsn2 ( Figure 3A ). In adult elav>shPsn2 female escapers, qRT-PCR showed ~20% and ~65% reduction of Psn mRNA levels in the whole body and the head, respectively ( Figure 3A ).
The remaining Psn mRNA detected in whole larvae or dissected larval brains and adult flies or heads is largely due to normal Psn expression in non-neuronal cells where shPsn2 is not expressed.
Next, we evaluated locomotor function using a well-established climbing assay (FEANY and BENDER 2000; AL-RAMAHI et al. 2007; RHODENIZER et al. 2008) . Adult elav>shPsn2 females with normal expanded wings at 3 days of age showed a severe defect in climbing ability ( Figure 3D ). Furthermore, the lifespan of elav>shPsn2 female escapers with either wrinkled or expanded wings was drastically reduced ( Figure 3E ). At 25 o C culture conditions, most of elav>shPsn2 female escapers with wrinkled wings died before 10 days ( Figure 3E ), and the maximum (~58 days) and median (~22 days) lifespan of elav>shPsn2 female escapers with normal wings were significantly reduced compared to control flies (p<0.0001, Mantel-Cox test; Figure 3E and Table 1 ). The elav>shPsn2 female escapers also exhibited rough eye phenotypes compared to control flies ( Figure 3F ).
Similar but less severe phenotypes associated with another Psn RNAi line
To confirm the specificity of the phenotypes of elav>shPsn2 flies (i.e., that they are not caused by off-target effects of the hairpin used), we tested an additional shRNA line against Psn (UAS-shPsn3) which targets the last exon of the Psn coding region. A lower score in wing margin defects of c96>shPsn3 relative to c96>shPsn2 ( Figure 2C ) suggested that shPsn3 is less effective. Indeed, we were able to obtain male elav>shPsn3 adult flies (33/117), albeit at a reduced number, in contrast to elav>shPsn2 (0/219), whereas female elav>shPsn3 flies were obtained at a normal ratio (59/117). Together, the pupa-to-adult viability of elav>shPsn3 flies was significantly decreased (~21%) compared to controls ( Figure 4B ). Thus, two independent shPsn lines in elav>shPsn caused pupal lethality in a dose-dependent manner.
qRT-PCR analysis showed that Psn mRNA levels are reduced in the adult head of elav>shPsn3 male escapers (~82%) and female flies (~54%) ( Figure 4A ). Climbing tests revealed that elav>shPsn3 flies also exhibit defects in locomotion in both males and females ( Figure 4C ). Furthermore, similar to elav>shPsn2, elav>shPsn3 also showed significantly earlier mortality in male escapers (MaxLS=55 days, MedLS=23 days; p<0.0001; Figure 4D and Table 1) and female flies (MaxLS=81 days, MedLS=62 days; p<0.0001; Figure 4E and Table 1) compared to control flies (male: MaxLS=96 days, MedLS=62 days; female: MaxLS=99 days, MedLS=87 days). Lastly, similar to elav>shPsn2, the male elav>shPsn3 escapers also exhibit severe rough eyes, a phenotype that is 100% penetrant ( Figure 4F ), whereas female elav>shPsn3 flies have normal compound eyes ( Figure 4G ).
Phenotypic rescues of neuron-specific Psn KD using a fly Psn transgene
To determine whether the phenotypes observed in elav>shPsn flies can be rescued by human PSEN1 or fly Psn transgenes, we first used two independent lines of human UAShPSEN1 (BL33811 and BL33812). Neuron-specific expression of either wild-type human PSEN1 transgene in elav>hPSEN1 flies did not cause any detectable phenotypes in male lethality, wing expansion or eye roughness ( Figure 5A ). Furthermore, neither of the hPSEN1 transgenes in elav>shPsn2, hPSEN1 flies was able to rescue any of the phenotypes associated with elav>shPsn2 flies, such as male lethality, wrinkled wings and rough eyes in the female escapers ( Figure 5A ). This lack of rescue may reflect that human PSEN1 is less efficient in participating in the Drosophila -secretase complex.
Next, we tested UAS-Psn+14 (BL63243), a transgenic line expressing wild-type fly Psn, which exhibits rough eyes in males and females . The Psn+14 line was able to rescue significantly the pupa-to-adult viability of elav>shPsn2 male flies ( Figure 5C ). At 25 o C, we were able to obtain male elav>shPsn2, Psn+14 adult flies from pupae (4/32), in contrast to elav>shPsn2 (0/56), whereas female flies were obtained at normal ratios, elav>shPsn2, Psn+14 (16/32) and elav>shPsn2 (26/56). The pupa-to-adult viability of elav>shPsn2, Psn+14 flies was still significantly reduced (~36%), compared to controls ( Figure   5C ). While the rough eye and the wrinkled wing phenotypes associated with elav>shPsn2 female 
Similar phenotypes exhibited by two independent lines of neuron-specific Nct KD flies
We further tested two independent UAS-shNct lines using the elav-Gal4 driver to determine whether elav>shNct flies exhibit similar phenotypes as those observed in elav>shPsn flies. Interestingly, elav>shNct2 flies showed even more severe phenotypes relative to elav>shPsn flies. At 25 o C, no males and only 11 females eclosed from 225 elav>shNct2 pupae ( Figure 6B ). qRT-PCR analysis of elav>shNct2 3 rd instar larvae revealed that levels of Nct mRNA are reduced by ~36% in whole larvae and ~64% in dissected larval brains relative to the controls ( Figure 6A ). The remaining Nct mRNA detected in whole larvae or larval brains is largely due to normal Nct expression in non-neuronal cells where shNct is not expressed.
Climbing tests revealed that elav>shNct2 flies exhibit severe defects in locomotion in the female escapers ( Figure 6C ), and all female elav>shNct2 flies died within 7 days. In addition, all female escapers showed wrinkled wings and rough eye phenotypes ( Figure 6G ).
Similar to elav>shNct2, elav>shNct3 flies also showed severe pupal lethality with no males and only 13 females eclosing from 95 pupae (Figure. 6E) . qRT-PCR analysis of elav>shNct3 3 rd instar larvae showed reduced levels of Nct mRNA in whole larvae (~42%) and in dissected larval brains (~64%) relative to controls ( Figure 6D ). Furthermore, elav>shNct3
female escapers exhibited severe climbing defects ( Figure 6F ) and rough eyes ( Figure 6H ), and all died within 10 days.
These findings together demonstrate that neuron-specific Psn or Nct KD severely impairs development, resulting in pupal to early adult lethality. We therefore decided to impose temporal restriction of Psn or Nct KD to adult neurons to bypass the requirement of Psn and Nct in neural development.
Age-dependent climbing defects and shortened lifespan in adult neuron-specific Psn and
Nct cKD flies
To restrict Psn or Nct KD to adult neurons, we used elav-Gal4 coupled with a ubiquitously expressed temperature-sensitive allele of the Gal80 repressor (tub-Gal80 50.6 ± 7.3; AN-Psn/Nct cKD, 64.17 ± 4.2; p<0.0001; n ≥ 11 per each genotype; Figure 9 ). These data demonstrate that adult neuron-specific knockdown of Psn or Nct indeed causes increased apoptotic death in the brain.
Discussion
Mutations in the PSEN genes account for ~90% of the identified FAD mutations, and it has been proposed that PSEN mutations cause FAD via a loss-of-function mechanism (SHEN and KELLEHER 2007) . FAD PSEN mutations are mostly missense mutations (>260) scattered throughout the coding sequence. Genetic studies in mice have demonstrated that Presenilins are essential for synaptic function, learning and memory, and age-dependent neuronal survival (YU et al. 2001; BEGLOPOULOS et al. 2004; FENG et al. 2004; SAURA et al. 2004; ZHANG et al. 2009; WINES-SAMUELSON et al. 2010; WATANABE et al. 2014) . Furthermore, studies using cultured cells and knockin mice have shown that FAD PSEN mutations are loss-of-function mutations, causing reduced -secretase activity and recapitulating phenotypes of knockout mice (HEILIG et al. 2010; HEILIG et al. 2013; XIA et al. 2015; XIA et al. 2016 ).
In the current study, we investigated whether Drosophila Psn is also required for neuronal survival in the aging fly brain. We circumvented the pupal lethality associated with germline Psn loss-of-function mutants by generating conditional KD flies expressing Psn shRNA selectively in neurons of the adult brain. Using a ubiquitous driver, we first confirmed that our Psn shRNA lines result in 80-90% reduction of mRNA levels ( Figure 1 ) and recapitulate developmental phenotypes of Psn germ-line mutant flies (STRUHL and GREENWALD 1999; CHUNG and STRUHL 2001; MAHONEY et al. 2006) . Consistent with notching wings in Notch heterozygous mutant flies and in wing-specific Notch or Psn KD flies (BOYLES et al. 2010; CASSO et al. 2011) , wing disc-specific expression of Psn shRNA leads to similar wing phenotypes at varying severity, allowing selection of the most effective Psn shRNA line ( Figure   2 ). Selective neuronal expression of two independent Psn shRNA lines beginning at embryonic stages caused earlier lethality, rough eye phenotypes, and severe climbing defects (Figures 3, 4) , and these phenotypes were partially rescued by expressing a Drosophila Psn transgene ( Figure   5 ). Further restriction of Psn shRNA expression to adult neurons using the elav-Gal4/tub-Gal80 ts system bypassed developmental phenotypes associated with elav>shPsn flies, and resulted in age-dependent climbing defects, shortened lifespan and impairment of -secretase activity (Figure 7 ), age-dependent neurodegeneration ( Figure 8 ) and elevated cell death in the adult brain ( Figure 9 ). Therefore, Drosophila Psn is also required for neuronal survival in the aging brain as well as normal lifespan and behavior, demonstrating that the essential role of PS in neuronal protection during aging is evolutionarily conserved from fruit flies to mammals.
Drosophila Psn models have previously provided significant insight into the normal physiological function of Psn. Impairment of synaptic plasticity and associated learning and memory has been reported in Psn-null mutant larvae (KNIGHT et al. 2007) . Heterozygous Psn loss-of-function mutant flies displayed age-dependent learning and memory deficits at old ages without any loss of neurons from TUNEL analysis or gross defects in the mushroom body, suggesting that heterozygosity of Psn in flies is insufficient to cause neurodegeneration (MCBRIDE et al. 2010) . These findings are consistent with our previous report showing that Notch signaling in the developing mouse brain (SONG et al. 1999; HANDLER et al. 2000; KIM and SHEN 2008) , PS-dependent neuronal survival in the aging brain is Notch-independent, as inactivation of both Notch1 and Notch2 in excitatory neurons of the postnatal forebrain does not cause neurodegeneration (ZHENG et al. 2012 ).
In addition to PS, genetic studies of another -secretase component Nct, in mice also demonstrated the essential role of Nct in learning and memory, synaptic function and neuronal survival during aging, highlighting the importance of -secretase in these processes relevant to AD pathogenesis (TABUCHI et al. 2009; LEE et al. 2014) . We therefore developed multiple Drosophila shNct lines and tested them in parallel with shPsn lines using ubiquitous or cell typespecific drivers. Similar to Psn KD flies, selective Nct KD in wing discs resulted in notching wing phenotypes, whereas earlier lethality, climbing defects and rough eyes were observed in neuron-specific Nct KD flies (Figures 2, 6 ). Furthermore, selective Nct KD in adult neurons caused age-dependent climbing defects and shortened lifespan (Figure 7 ), age-dependent neurodegeneration ( Figure 8 ) and elevated cell death in the adult brain ( Figure 9 ). These phenotypes were more severe in adult neuron-specific Psn/Nct double cKD flies (Figures 7-9 ), likely due to further reduction of functional -secretase complexes and thereby its activity.
Consistent with genetic findings from analysis of PS cDKO and Nct cKO mice SAURA et al. 2004; TABUCHI et al. 2009; WINES-SAMUELSON et al. 2010) , the findings from the current Drosophila study provide further evidence for the importance of PS and Nct in the promotion of neuronal survival during aging, highlighting the evolutionary conservation of this pathway in the protection of the aging brain.
A recent report in C. elegans described mitochondrial morphology defects and elevated cytosolic calcium levels in sel-12 loss-of-function mutants (SARASIJA and NORMAN 2015) .
Indeed, PS cDKO mice exhibit age-dependent reduction of mitochondrial density and selective increases of larger mitochondria in cortical neurons at 6 months of age (WINES-SAMUELSON et al. 2010 ). Presenilin plays a key role in the regulation of calcium homeostasis but the regulatory site by PS has been hotly debated because of varying experimental systems employed in the studies (HO and SHEN 2011) . Using physiologically relevant experimental systems, such as the hippocampus of PS cDKO mice and primary dissociated hippocampal neurons lacking PS, we previously reported that PS modulates presynaptic short-term plasticity through its regulation of ryanodine receptor-mediated calcium release from the ER (ZHANG et al. 2009; WU et al. 2013) .
Future studies in adult neuron-specific Psn and Nct fly models using calcium and cell death reporters could provide insight into how calcium dysregulation may be involved in neuronal cell death in vivo.
Despite the importance of Presenilin in promoting neuronal survival in the aging brain, the underlying molecular pathway remains unknown. This is partly due to the fact that only 0.1% of excitatory neurons lacking PS in the cerebral cortex undergo apoptosis at a given time (WINES-SAMUELSON et al. 2010) , making it challenging to study the molecular mechanisms underlying neuronal death in these cells. These unique adult neuron-specific Psn and Nct cKD fly models will permit a functional, genetic dissection to identify downstream targets of PS and physiological substrates of -secretase that mediate neuronal survival during aging, which may be further explored as novel therapeutic targets for Alzheimer's disease. Nct shRNAs using the Act5c-Gal4 driver result in pupal lethality and ~80-90% reduction of mRNA levels in Act5c>shPsn and Act5c>shNct whole 3 rd instar larvae, compared to control (Act5c-Gal4/+). qRT-PCR analysis of Psn (B) and Nct (C) mRNA levels was performed using total RNA extracted from five whole 3 rd instar larvae per genotype. Psn and Nct mRNA levels were normalized to rp49 mRNA levels as internal control. n=4 independent experiments. All data are expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA with Dunnett's post-hoc comparisons, ****p<0.0001. qRT-PCR analysis of Psn mRNA levels in 3 rd instar larvae (whole larvae or dissected brains) or 3 day-old adults (whole flies or heads only). Psn mRNA levels were normalized to rp49 mRNA levels as internal control. Total RNA was extracted from whole larvae (5 larvae per genotype), larval brains (15 brains per genotype), whole adult females (5 adults per genotype) or adult female heads only (20 heads per genotype). n=4 independent experiments. (B) Neuron-specific KD of Psn reduces pupa-to-adult viability. Viability was calculated by dividing the total number of flies by the total number of pupae, and shown as the percentage of pupae surviving to adulthood. No male flies eclosed from elav>shPsn2 pupae (0/219), and the number of adult females (83/219) were lower than anticipated. n=11 independent experiments; ≥210 flies per genotype (~20 flies per experiment) were used in the study. (C) Neuron-specific Psn KD results in defects on wing expansion. Percentage of elav>shPsn2 flies with expanded or wrinkled wing phenotypes. 63.9 ± 5.6 % of elav>shPsn2 flies had normal expanded wings (EW; red) and 36.1 ± 5.6 % of flies had wrinkled wings (WW; orange). n=4 independent experiments. (D) Neuron-specific Psn KD causes defects in climbing ability. Only elav>shPsn2 females with normal expanded wings were used for the climbing assay. Bar indicates percentage of failed climbers. Age=3 days, n=8 independent experiments; ≥150 flies per genotype (~20 flies per experiment) were used in the study. (E) Neuron-specific Psn KD causes severe mortality. Survival of Gal4 control (elav-Gal4/+, black), UAS control (UAS-shPsn2/+, pink), and neuron-specific Psn KD flies (elav-Gal4/+;; UASshPsn2/+) with expanded wings (EW, red) and wrinkled wings (WW, orange). Lifespans were plotted by the Kaplan-Meir method. (F) Neuron-specific Psn KD causes rough eye phenotypes. Representative images of the control and ealv>shPsn2 eyes are shown Scale bar: 0.1 mm. All data are expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA with Dunnett's post-hoc comparisons. **p<0.01; ***p<0.001; ****p<0.0001. (A) Neuron-specific Psn KD using a different shRNA line results in significant reduction of Psn mRNA levels in 3 day-old adult heads of elav>shPsn3 males (83±3.2%) and females (54±2.8%), compared to controls. qRT-PCR analysis of Psn mRNA level in adult fly heads expressing shPsn3. Psn mRNA levels are normalized to rp49 mRNA levels as internal control. Total RNA was extracted from 20 adult heads per genotype. n=4 independent experiments. (B) Neuronspecific Psn KD in elav>shPsn3 reduces pupa-to-adult viability (92/117). Viability was calculated by dividing the total number of flies by the total number of pupae, and shown as the percentage of pupae surviving to adulthood. n=6 independent experiments, ≥110 flies per genotype (~20 flies per experiment). (C) elav>shPsn3 causes defects in climbing ability in both males and females. Bar indicates percentage of failed climbers. Age=3 days, n=6 independent experiments, ≥110 flies per genotype (~20 flies per experiment). (D, E) elav>shPsn3 causes The pupa-to-adult viability is significantly rescued in elav>shPsn2, Psn+14 (20/32; p<0.01) compared to elav>shPsn2 (26/56). However, elav>shPsn2, Psn+14 flies showed reduced viability compared to control (p<0.001). Viability was calculated by dividing the total number of flies by the total number of pupae, and shown as the percentage of pupae surviving to adulthood. n=3 independent experiments. (D) The wrinkled wing phenotype of elav>shPsn2 is significantly rescued in elav>shPsn2, Psn+14 (p<0.05). Specifically, female elav>shPsn2, Psn+14 flies showed normal wing phenotypes, while male elav>shPsn2, Psn+14 flies showed wrinkled wing phenotypes. Percentage of wrinkled wing phenotypes was calculated by dividing the number of flies with wrinkled wings by the total number of flies. All data are expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA with Tukey's post-hoc comparisons. *p<0.05, **p<0.01, ***p<0.001. Figure 6 . Severe early mortality, climbing defects and rough eyes in elav>shNct flies (A and D) Neuron-specific Nct KD using two independent lines, UAS-shNct2 (A) and UASshNct3 (D), results in significant reduction of Nct mRNA levels in 3 rd instar larvae compared to controls. qRT-PCR analysis of Nct mRNA level in 3 rd instar larvae (whole larvae or dissected brains) of elav>shNct2 (A) and elav>shNct3 (D). Nct mRNA levels are normalized to rp49 mRNA levels as internal control. Total RNA was extracted from whole larvae (5 larvae per genotype) or larval brains (15 brains per genotype). n=4-5 independent experiments. (B and E) Neuron-specific Nct KD results in decreased pupa-to-adult viability. Viability was calculated by dividing the total number of flies by the total number of pupae, and shown as the percentage of pupae surviving to adulthood. (B) Only 11 females elav>shNct2 eclosed from 225 pupae. n=9 independent experiments. Total numbers of flies tested: elav-Gal4/+=218, UAS-shNct2/+=216, and elav>shNct2=225 (20 flies per experiment). (E) Only 13 females elav>shNct3 eclosed from (B) Adult neuron-specific conditional KD of Psn (AN-Psn cKD; red) and Nct (AN-Nct cKD; blue) results in significant reduction of Psn (red) or Nct (blue) mRNA level in 10 day-old male fly heads, but no significant difference in 1 day-old male fly heads compared to control. qRT-PCR analysis of Psn and Nct mRNA level in the male adult heads of 1 and 10 day-old flies. Total RNA was extracted from 20 male adult heads. Psn and Nct mRNA levels were normalized to rp49 mRNA levels as internal control. n=4 independent experiments. All data are expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA with Dunnett's post-hoc comparisons. **p<0.01, ***p<0.001. (C) Adult neuron-specific Psn or Nct KD causes defects in climbing ability at the age of 50 days. Bar indicates percentage of failed climbers. n≥5 independent experiments, ≥100 flies per genotype (20 flies per experiment). All data are expressed as mean ± SEM. Statistical analysis was performed using two-way ANOVA with Dunnett's post-hoc comparisons. Two-way ANOVA showed main effects of genotype (F(2, 45)=6.471; p=0.0034) and age (F(2, 45)=556.1; p<0.0001) with an interaction between these factors (F(4, 45)=9.905; p<0.0001). ns, non-significant; ****p<0.0001. Total number of vacuoles greater than 5 m in diameter was counted throughout all sections of entire brains. n=10-17 brains per genotype. All data are expressed as mean ± SEM. Statistical analysis was performed using two-way ANOVA with Dunnett's post-hoc comparisons. Twoway ANOVA showed main effects of genotype (F(3, 197) =22.77; p<0.0001) and age (F(4, 197)=57.92; p<0.0001) with an interaction between these factors (F(12, 197)=19.94; p<0.0001) . ns, non-significant; *p<0.05, **p<0.01, ****p<0.001, ****p<0.0001. 
